Adaptive transmit power control can be used to improve the spectrum efficiency of terrestrial point to point fixed links by limiting the transmit power to that required to maintain a constant bit error rate (BER) regardless of the propagation conditions. This results in a reduced transmit power being used during clear sky conditions, lowering the interference resulting from the ATPC link. This improves the frequency reuse factor associated with a given band and geographic area, providing a spectrum efficiency gain. The project described in this paper found that implementing ATPC in the 38 GHz band gives significant improvements in spectrum efficiency as measured by the increase in the number of links assigned to channel 1 (from ~50% to ~70%) and the decrease in the maximum bandwidth used (from ~300 MHz to ~180 MHz).
INTRODUCTION
A previous study funded by the UK's Ofcom [1] has indicated that there are spectrum gains to be made as a result of the introduction of ATPC in point-to-point fixed service bands, especially those operating at frequencies where rain is a significant attenuator. However, that study was limited in scope, dealing only with a simplified scenario of two parallel links, separated by distances of ~1-10 km. Some questions from the previous study were identified and investigated in this project: 1. During rain events, does the use of ATPC increase harmful interference to neighbouring point-to-point systems, exceeding the frequency assignment criteria? And if so, how often and to what extent will the criteria be exceeded? 2. What is the most efficient way of maximising the increase in packing density and spectrum utilisation through the use of ATPC, without exceeding the assignment criteria?
ATPC SYSTEM DEFINITION
The basic principle for ATPC is quite simple. In cases where rain fading occurs on the radio path, it involves increasing the transmit power to compensate for the fade. Given a reliable power control system, it is possible to reduce the fixed fade margin during clear sky conditions (i.e. no fading), thereby improving the rate of frequency reuse and link packing density in the geographical area of the link. This is because lower fade margins use less transmit power, which lessens the interference on adjacent links.
ATPC parameters
The operating capability of the transmit terminal is defined by the EIRP levels P min and P max where:
• P max is effectively determined by the maximum EIRP specified by the regulator in order to satisfy a given availability requirement • P min is determined by the performance of the equipment P max -P min is the ATPC range. The assignment criteria used by Ofcom to determine whether a new frequency assignment can be made to a point-to-point link without receiving or generating unacceptable interference address two different situations:
• The wanted path is in its faded state (i.e. at the Receiver Sensitivity Level, RSL * ) and the interfering path is in a state that gives rise to its median received signal level, as modelled using ITU-R Recommendation 452.
• The wanted path is in an unfaded state, as represented by the median received signal level * , and the interfering path is enhanced, once again as modelled using ITU-R Recommendation 452. In both of these situations it is necessary to satisfy a given wanted to unwanted signal ratio (W/U). Cochannel W/U values may be calculated from first principles and are based on a noise limited frequency assignment methodology where aggregate interference and individual sources of interference are limited to specified levels below an allowance for receiver noise. In practice, at the present time, co-channel and first adjacent channel values are taken from ETSI Standards and modified in order to take account of multiple interferers (this approach is under review and a return to calculation from first principles is envisaged). Offset W/U values, beyond the first adjacent channel, are based on the co-channel value, the Net Filter Discrimination (NFD) associated with the relative bandwidths of the wanted and unwanted signals, the out of band emissions of the interfering signal (transmit mask), the out of band discrimination of the receiver (receive mask) and the frequency offset of the two signals. Figure 1 gives schematic examples of the power against time for the transmitter and receiver in a non-ATPC system, an ideal ATPC system and a more realistic ATPC system. 
Setting up the link
The nominal operating condition (i.e. the condition that the ATPC seeks to preserve) is set at a receive signal level a number of dB greater (e.g. 3 to 7 dB) than the 10 -6 BER sensitivity level, referred to by Ofcom as the Receiver Sensitivity Level (RSL). The 3 to 7 dB margin above the RSL is either called the offset or the remote fade margin. The nominal operating condition is set to provide a BER of the order of 10 -11 or 10 -12 in order to ensure that the Background Block Error Rate (BBER) is no more than would be the case were ATPC not to be used [2] . In setting up the link it is necessary to specify P max , in accordance with the maximum EIRP permitted, and to specify the receive signal level associated with the nominal operating condition. When initially setting up the link under nominal propagation conditions the ATPC immediately adjusts the power by way of a transmitter / receiver closed loop to establish the nominal operating condition. 
ATPC range exactly matched (Black line)
In the ideal case the total fade margin associated with the required availability for the link = the ATPC range + the remote fade margin. The nominal operating power of the transmitter as established by the ATPC loop would be exactly P min .
EIRP nominal = EIRP max -Total fade margin + Remote fade margin or EIRP nominal = EIRP max -ATPC range
ATPC range greater than the matched situation (Green line)
In the case where the ATPC range is greater than that in the matched case above, P min of the equipment is less than the transmitter power required to establish the nominal operating condition. On set-up the ATPC loop automatically adjusts the transmitter power to a level higher than the equipment's P min and sufficient to establish the nominal operating condition. The nominal operating power of the transmitter ends up at a level the same as the matched situation above but higher than the equipment's P min In enhanced propagation conditions it can be expected that the ATPC loop will reduce the transmitter power as appropriate, but only down to P min of the equipment as the limit, in order to maintain the nominal operating condition.
EIRP nominal = EIRP max -Total fade margin + Remote fade margin
ATPC range less than the matched situation (Red line)
In the case where the ATPC range is less than that in the matched case above, P min of the equipment is higher than the transmitter power required to establish the nominal operating condition. On set-up the ATPC loop can therefore only adjust the transmitter power down to P min . As a fade occurs the ATPC loop will not start to operate (i.e. increase the transmitter power) until the received signal level has fallen (due to the fade) to the specified nominal operating condition. The nominal operating power of the transmitter is at P min of the equipment which is higher than the matched situation above and which under nominal propagation conditions will provide a received signal level higher than absolutely necessary.
EIRP nominal = EIRP max -ATPC range 
Summary-for planning purposes

PLAN AND ANALYSE SOFTWARE
The software written as part of this study has two parts: a planning tool, which plans a set of links using standard planning assumptions, and an analysis tool, which takes a plan produced by the first tool and examines the response of the links to a sequence of rain fields.
Planning tool
The planning tool takes an existing plan and re-plans it, subject to a number of assumptions:
• the mix of ATPC and non-ATPC links • the type of ATPC in use. The statistics of the new plan are then calculated to estimate changes in band efficiency.
The initial plan was based on the existing 38 GHz band plan supplied by Ofcom. The 13,949 links in the initial plan were filtered to remove links for which the data appeared to be incorrect (76 links), for which antenna patterns could not be found (165 links) or which failed the Fresnel zone test (52 links)-leaving 13,656 links, located throughout the UK; one link is one-way, the remainder are two-way; all links are vertically polarised. The planning process follows OfW 42, with some exceptions:
• the links are not checked against the 'minimum path length policy' • there is no 6 dB EIRP uplift for obstructed paths • antenna pointing is calculated by the application-the plan value is discarded. Figure 3 shows the current existing assignments in the 38 GHZ band in the UK.
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Figure 3. Existing assignments in the 38 GHz band
The effect of re-planning the band with the automated planning application results in a contraction of the assignments to the lower end of the band (see figure 4) .
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Figure 4: Automated re-plan (no ATPC) -log scale
Plans have been run using the two ATPC methods described earlier:
• assigned EIRP is offset by a constant positive amount 1 from EIRP non-ATPC -FM.
• assigned EIRP is offset by a variable negative amount 2 from EIRP non-ATPC . Plans have also been run for two orderings of the link data-forward and reverse-which tests the stability of the results against assumptions about link geometry. The effect of introducing 'ideal' ATPC on all links is apparent when comparing figures 4 and 5 (RFM is 5 dB): both the number of assignments in the first channel and the maximum bandwidth are significantly improved. The number of links assigned to the first channel rises from 51% to 75%; the maximum bandwidth decreases from 280 MHz to 168 MHz. A more realistic method of modelling ATPC was also considered, in which the non-ATPC EIRP was backedoff by a constant offset (i.e. the ATPC range), subject to 1 The offset is variously called 'remote fade margin' or 'operating margin'. This method assumes the ATPC equipment is capable of covering the difference between the remote fade margin and the fade margin. 2 The offset is normally the ATPC range: however, the reduced EIRP is constrained to provide the required remote fade margin.
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satisfying the RFM. The following plan (figure 6) was produced for an assumed ATPC range of 10 dB and an RFM of 5 dB: the result of imposing the constraining effect of a limited ATPC range is to reduce the plan efficiency as compared with the 'ideal' case (figure 5).
ATPC BEHAVIOUR IN THE PRESENCE OF RAIN
The rainfall rate fields used in this research were obtained by means of the Chilbolton Advanced Meteorological Radar (CAMRa), which is located in Hampshire in the south of England, at the latitude 51˚ 9' North and the longitude 1˚ 26' West. The climate is temperate maritime, with an average annual rain rate exceeded for 0.01% of the time of approximately 22.5 mm/hr. The radar is a 25 m steerable antenna, equipped with a 3 GHz Doppler-Polarization radar, and has an operational range of 100 km, and a beam width of 0.25˚. To avoid reflections from ground clutter, maps of the rain rate field near the ground were produced by scanning with an inclination of 1.2˚. These maps are produced on a polar grid, with a range resolution of 300 m and an angular resolution of 0.3˚. The number of maps produced in a given time period is dependent on the total angle scanned. The radar has a maximum angular velocity of 1˚/second. The radar scans were interpolated onto a square Cartesian grid, with a grid spacing of 300 m and a side length of 56.4 km (188 pixels square). The grids are separated in time by approximately 2 minutes. The analysis tool takes a plan generated by the planning tool (or by another process) and applies a sequence of rain fields, evaluating system performance as measured by outage probabilities. For each rain field, the fade on each link is calculated, which then allows the EIRP uplift to be determined for each ATPC link. Every link is then tested in turn against all interfering paths, for all rain fields, and the number of outages recorded (distinguishing between those outages directly caused by a rain fade and those outages caused by ATPCenhanced interference); the ATPC-induced outage counts reported here are 'extra' outages (i.e. those outages occurring in a link that is not also in outage because of a rain fade that exceeds its fade margin). The rain fields with measured rainfall rates are 56.4 km square. In order to avoid edge effects, the analysis of link performance is not performed on the whole area, but on a smaller 'test' area; interference, however, is considered from links throughout the entire area (the 'background'). The results presented here are for a test area of 35 km. The number of detected outages will depend upon the severity and distribution of the rain. Three types of measured rain data were used (convective, stratiform and frontal), as well as two types of simulated rain data (convective and stratiform) 3 . The maximum rainfall rates for the measured convective, stratiform and frontal rain data were 52.5, 45.7 and 95.5 mm/hr respectively 4 . The effect of introducing ATPC is apparent in figure 6 , in which the number of extra, ATPC-induced outages rises as the proportion of ATPC links increases 5 ; in the example shown, the number of extra outages is 12% of the total. The number of outages directly caused by rain also increases with ATPC penetration, even though ATPC does not, in itself, reduce the protection a link has against rain fading: this rise is caused by the progressive withdrawal of 'excessive' fade margin as non-ATPC links with the 10 dB minimum fade margin are replaced by ATPC links with a lower fade margin (e.g. an RFM of 5 dB); if the remote fade margin is increased to 10 dB, the number of direct outages then remains constant as the ATPC penetration increases (in figure 6, see the curve for an ATPC range of 20 dB and an RFM of 10 dB). The results also show the trade-off introduced by assumptions about ATPC equipment capability: a larger ATPC range results in a more efficient plan because EIRPs are minimised; however, if the ATPC range is smaller than typical FM-RFM values then some links will have 'excessive' RFM-and will be better protected against interference (e.g. if the fade margin for a link is 25 dB and the ATPC range is 10 dB, then the link will operate at 25 dB -10 dB = 15 dB above RSL, even if the required RFM is only 5 dB). Matching the ATPC range and remote fade margin appears to be a very effective method of reducing ATPC-induced outages (see the curve for an ATPC range of 10 dB and an RFM of 10 dB ). Figure 6: Number of extra outages It has been shown earlier that improvements in band efficiency result from the introduction of ATPC, but that additional outages then occur (during intense rain).
The question then arises of whether changes to the planning process could be made that retain the efficiency gains but reduce the number of ATPCinduced outages. Three such adjustments have been investigated:
1. Increasing the fade margin for all links. 2. Increasing (or decreasing) the required W/U ratios for all links. 3. Increasing the interference margin. The effect of increasing the fade margin (i.e. EIRP) of all links is not effective: as expected, the band efficiency is reduced somewhat, but without reducing the number of ATPC-induced outages. As the fade margins increase the total number of outages decreases because of the extra protection against direct rain outages, but those links affected by a nearby ATPC link receive no specific protection 6 . The second mitigation approach was to vary the W/U ratios used in planning, in the expectation that this would specifically provide extra protection against interference. Adjusting the W/U ratios in the planning process and then using the same adjusted values to judge whether an outage occurs in the rain analysis produces the paradoxical result that increasing the W/U ratios actually increases, not decreases, the number of outages. In a relatively efficient plan, there will always be a large number of interfering paths with small clash test excesses, 'ready' to cause interference. Band efficiency, however, behaves as expected-increasing the required W/U results in a relatively less efficient plan; decreasing the required W/U results in a relatively more efficient plan. The final approach is to adjust the interference margin. As expected, increasing the interference margin increases efficiency (though with diminishing effect), whereas there is effectively no change in the number of ATPC-induced outages. In summary, adjusting W/U in the planning process is a more effective technique for reducing ATPC-induced outages than adjusting the fade margins or interference margin. However, it is evident that none of these bandwide mitigation techniques targets the ATPC-induced outages very effectively. An example outage event is shown in figure 7 
CONCLUSIONS AND FURTHER WORK
The following conclusions regarding the spectrum efficiency gains resulting from the implementation of ATPC have been identified by this study: 1. The implementation of ATPC in the 38 GHz band gives significant improvements in spectrum efficiency as measured by the increase in the number of links assigned to channel 1 (from ~50% to ~70%) and the decrease in the maximum bandwidth used (from ~300 MHz to ~180 MHz). The introduction of ATPC does give rise to a number of additional outages in the presence of intense rain (~10% increase in frontal rain). These additional outages can be mitigated to some extent by band-wide changes to the planning process and by matching the ATPC range with the remote fade margin; however, the outages cannot be wholly eliminated by the methods examined here. 2. Adjusting W/U in the planning process is a more effective technique for reducing ATPC-induced outages than adjusting the fade margins or interference margin. However, it is evident that none of these band-wide mitigation techniques targets the ATPC-induced outages very effectively. 3. Based on the similarity of average fade margins between the 38 GHz band and other high frequency fixed link bands, gains in spectrum efficiency should equally be possible in those other bands. 
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